Two basic reasons are proposed for the tremendous success and future promise of mass spectrometry: (1) the unusually high volume of data obtainable from unusually small samples and (2) the success in converting these data into structural and quantitative information. The ion abundance dimension of mass spectrometric data is remarkable in its pica-to-attogram sensitivity and r106 dynamic range, and the mass scale dimension is uniquely high in the number of resolution increments for larger molecule ionization and high resolution. Additional dimensions of data arise from chromatographic coupling to mass spectrometry and tandem mass spectrometry, as well as from alternative ionization and ion reaction methods. Converting these data into chemical information is equally important. Past progress in these areas has been cyclical; for the immediate future a greater research emphasis is urged to convert data to information through better understanding of the relevant chemistry and better utilization of modem computer methods. (1 Am Sot Mass Spectmm 1990, 2, Z-5) M ass spectrometry has undergone amazing growth over the last four decades. Possibly a perspective examination of this can provide guidance for similar growth in the future. The basic utility of mass spectrometry has been its wealth and diversity of structural and analytical information [l-5]. For its growth, both past and future, two basic methods are proposed: increasing the amount of data while decreasing the sample size required, and increasing the capabilities to convert these data into scientific information, mainly through improved understanding of the underlying chemistry and application of modem computer techniques.
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M ass spectrometry has undergone amazing growth over the last four decades. Possibly a perspective examination of this can provide guidance for similar growth in the future. The basic utility of mass spectrometry has been its wealth and diversity of structural and analytical information [l-5] . For its growth, both past and future, two basic methods are proposed: increasing the amount of data while decreasing the sample size required, and increasing the capabilities to convert these data into scientific information, mainly through improved understanding of the underlying chemistry and application of modem computer techniques.
Certainly a hallmark of this progress has been the high creativity of, and unusual communication between, scientists in diverse areas doing both basic and applied research in academic, government, and industrial laboratories. Breakthroughs on fundamentals of ion optics, kinetics, ionization processes, and mechanisms have contributed to and depended on developments in reference data, instrumentation, and computer utilization, all of which have inspired unique applications in physics, geology, chemistry, biology, medicine, and environmental sciences. The basic chemistry found for small gaseous ions has led to mechanistic rationalizations placing the mass spectrometric structural elucidation of small molecules on a firm footing [l-5] . Extension to larger species was made possible by exciting developments in instrumentation for the ionization of increasingly large molecules, even those above 100,000 daltons [6-lo] . The combination of mass spectrometry with chromatographic separation methods now accounts for the majority of analytical applications, while tandem mass spectrometry (MS/MS) makes possible further new dimensions of information [ll, 121. As with gas chromatography/mass spectrometry (GUMS) interfacing, MSIMS requires new methods to convert the massseparated ion species into characteristic new masses for the next mass spectrometric separation, while a multiplicity of such steps (MS") brings additional problems of sensitivity and instrumentation requirements. However, the additional MS" structural information gives promise for extended characterization of the unusually large molecules that can now be conveyed into the gas phase and ionized. Finally, automating the analytical process to take advantage of the unusually high information density of mass spectrometry and its comprehensive collections of reference data makes direct use of the astonishing new capabilities of the computer revolution. Figure 1 . One-dimensional analytic data. Utility depends on sensitivity and dynamic range. resoluiion increments Figure 2 . Two-dimensional data. Utility also depends on the number of resolution increments. mation if sufficient specificity was provided by the preceding chemical treatment (Figure 1 ). Here the single-ion detection capability of mass spectrometry can provide enviable results for molecular samples. Picogram sensitivities are now commonplace in molecular mass spectrometry, and modern carbon-14 dating of lOO,OOO-year-old samples in milligram quantities requires measurements at the attogram (lOP1s g) level.
Volume of Analytical Data
(Note that for such measurements to be classified as unidiiensional, the instrumentation for any necessary separation of the measured ion must be considered the counterpart of the preliminary chemical treatment of the volumetriclgravimetric analyses.) In many cases, ion signals are also linear versus amount over a wide dynamic range, such as l-106 [ 131, with minimal matrix effects, representing an unusually favorable "Beer's law" response.
Two-Dimensional Data
The analytical revolution brought about by spectroscopic and chromatographic methods reflects their basic advantage of measurements in two dimensions, reporting absorbance, intensity, or abundance values at a multiplicity of wavelengths, retention times, or masses. The especially impressive gain in data volume this brings to mass spectrometry ( Figure 2 ) is determined by the number of individual masses for which such measurements can be made. These "resolution increments" depend on both mass range and resolution. In recent years the mass range capabilities have grown tremendously, with several research groups now reporting ionization of molecules of molecular weight exceeding 100,000 [6-101. The best resolution of a commercial instrument is provided by the Fourier transform (FT) mass spectrometer 114-161, with values of 3 x 106 at m/z 100 and 3 x 16 at m/z 1000 with heterodyne measurement over a limited mass range. The utility of this resolution is limited by the exact masses possible from combinations of the component isotopes of the molecular and fragment ions in the mass spectrum. For example, the current database [17] of 118,000 different compounds contains 25 different molecular formulas of nominal molecular weight 100, but their exact mass values occur only between 99.930 and 100.125. The whole database contains 35,734 molecular formulas, so for El spectra the resolution increments possible even under the best experimental conditions are probably N 106.
Mu1 tiple-Dimension Systems
One of the most exciting areas of mass spectrometry expansion has been into three and more dimensions of analytical data. The pioneering effort of this was GCIMS, first made into a usable system by Roland S.
Gohlke [18] , one of my first colleagues in the Spectroscopy Laboratory of the Dow Chemical Company. This system was based on our homemade gas chromatograph and a 1955 Bendix time-of-flight instrument. The latter's speed and sensitivity were critical to producing this extra dimension of the data (Figure 3 ), as were the clever interface designs of Ryhage and the Stenhagens and of Watson and Biemann. This has been followed by coupling the mass spectrometer to the high-performance liquid chromatograph and recently to many other forms of chromatography. Tandem mass spectrometry could be considered the first multidimensional method, based on the early observations of "secondary rays" by Sir J. J. Thomson 
lrzstnrmentation and Data Handling
Advances in instrumentation have been fundamental to progress in mass spectrometry. Improvements in resolution, mass range, large-molecule ionization, and data acquisition and reduction are obvious landmarks to progress, with advances in instrument reliability and "user-friendly" operation of even greater importance to many spectrometrists. Combinations of these new techniques show great promise; for example, electrospray ionization [9, lo] is effective for peptides of molecular weight > 100,000 that form ions with > 100 charges; for such mlr values of about 1000 the FT instrument has a resolving power greater than 100,000, giving the possibility of unit resolution for such largemolecular spectra [29] . However, efficient utilization of these multidimensional capabilities has attracted new attention to the importance of multichannel detection. Array detectors acquiring ions simultaneously over even a few percent of the mass range [30] will provide more than an order-of-magnitude sensitivity increase for a spectrum of 1000 resolution increments, and ion storage instruments (FTMS, ion trap) can measure the entire spectrum (e.g., m/z 90-16,000 [31] ) of ions produced in an ionization pulse. A proposed Hadamard transform method (32, 331 even provides multichannel detection for MS/MS (and, in principal, MS") spectra with such ion storage instruments. For example, to measure the secondary mass spectra from dissociating 100 mass values of primary ions, SWIFT [34] is used to select ions representing 50 values to be transferred to the other ion cell of the dual-cell FT instrument; the ions in both cells are dissociated, and the products are measured to subtract the signals of one cell from those of the other. This process is repeated 100 times (requiring 11100 as much sample as individually measuring the 100 secondary spectra with the same signal-to-noise ratio), and the data are used in 100 simultaneous equations to generate the 100 individual secondary spectra [33] .
From Mass Spectrometric Data to Chemical Information
Volumes of data are useless if they cannot be converted into the desired information. As a chemist, one of the most rewarding aspects of mass spectrometry has always been that the most critical requirement for this conversion is a basic understanding of the chemistry involved. The initial emphasis was on the unimolecular dissociation of singly charged cations, and this was followed by exploitation of the bimolecular chemistry of cations and the chemistry of anions, multiply charged ions, and neutral species. A fortunate difference from conventional chemistry is that most of the basic data concerning unimolecular cation reactions are numerical, not bibliographic; thus, modern computer science is a powerful ally in the development and utilization of this chemistry.
Computer Algorithms for Retried and Interpretation
The most comprehensive early effort to collect and evaluate reference spectra supplied by mass spectrometrists worldwide was made in collaboration with Einar Stenhagen and Sixten Abrahamsson [35] . Since their untimely deaths, the great majority of the current database of 140,000 different mass spectra of 118,000 different compounds has been collected at Cornell [17] . Gerard Salton, professor of computer science at Cornell, has been a key figure in developing statistical methods for document retrieval from libraries [36] . These principles were adapted for the ProbabilityBased Matching (PBM) algorithm ]37, 381, which has undergone many improvements in the last fifteen years ( Figure 4 ). Salton has shown that reliable evaluations of retrieval performance must be two-dimensional; from about 400 randomly selected "unknowns," such "recalllreliability" plots [39] show that even early versions of IBM were superior to any other available retrieval algorithm. If the unknown compound is not in the reference file, of course, PBM should show no promising retrievals; such an unknown then requires interpretation, for which the Self-Training Interpretive and Retrieval System ( Figure 5 ) has been developed as an aid [38, 401. This is cited as one of the first artificial intelligence systems of broad applicability to a scientific field. 
Understanding ion Chemistry
In its early years, mass spectromehy was plagued with a discouraging reputation concerning its capabilities for molecular structure elucidation. [28, 551 in this regard ( Figure 6 ). A special bonus of these NRMS studies has been in the formation and char- acterization of unstable exotic neutral species such as antiaromatic molecules [55] , radicals, carbenes, enols, zwitterions, ylides, and hypervalent species [26] . To prepare such neutrals it is only necessary that the corresponding cation or anion be stable. An especially promising technique is the MS/MS/MS characterization of the relative free energies of the isomerization and dissociation reactions of such neutrals. Energy for such reactions is added to the fast neutral species by collision, the neutral products are reionized, and the resulting ionic products are mass analyzed in MS-II, with isomeric characterization through collisional dissociation and MS-III mass separation [26, .
Future
In a generation or so of mass spectrometry, we have gone from having the reputation of "no real chemistry there" to being recognized as a vital source of uniquely new chemistry. The current research interests in the field as shown by publications and meeting papers, however, would appear to place a much heavier emphasis on applications. Judging by past progress in the field, the users of the technique should remember that improved utilization is fundamentally limited by our chemical understanding of mass spectrometric processes. A prime professional responsibility of a mass spectroinetrist is to keep abreast of, and contribute to, progress in this basic chemistry. Further, there appears to be even less awareness of computer techniques for retrieval and interpretation of these data, even though these techniques are surely required for the efficient utilization of the unique data volume of mass spectrometry. With the explosive expansion of mass spectrometry to the study of really large moIecules, we can look forward to uncovering new information on their chemistry, making further contributions of value to other areas such as biology and medicine.
